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Abstract: While phosphorus is a limited resource that is essential for agriculture, its release to the en-
vironment adversely impacts water quality. At the same time, animal wastewaters contain significant
quantities of phosphorus and nitrogen that can be recovered for beneficial use. Phosphorus uptake
experiments were performed with magnesium-treated corn-cob char and with magnesium silicate
prepared using silicate from rice straw at pH 8 and 9. The concentration of dissolved phosphorus as
a function of total added ammonium chloride (NH4Cl) was determined, and chemical equilibrium
modeling was used to investigate the concentration trends of dissolved and mineral species. Accord-
ing to chemical equilibrium modeling, carbonate alkalinity exerted a significant magnesium demand,
with approximately half of all added magnesium forming magnesite (MgCOz3(s)). As total added
NH,4Cl increased, excess C1~ complexed with dissolved Mg?* in competition with orthophosphate,
freeing orthophosphate to precipitate, mainly as the mineral struvite (NH;MgPO,4-6H,O(s)). As the
concentration of added NH,4Cl increased by a factor of ten, measured concentrations of dissolved
phosphorus decreased by a factor of ten, meaning that ionic composition has the potential to signifi-
cantly impact the amount of phosphorus that can be recovered from wastewaters for beneficial use.

Keywords: phosphorus recovery; fertilizer; eutrophication; struvite; bobierrite; animal wastewater;
biochar

1. Introduction

While phosphorus is essential for food production, global reserves of concentrated
phosphorus minerals are limited, and expected population growth will require increased
food production, and thus, increased phosphorus fertilizer, to meet world food needs.
In addition, releases of dilute phosphorus wastes to natural waters are responsible for
eutrophication and its impacts on water quality and fisheries, tourism, and other coastal
activities, with a total global annual economic impact estimated in the tens of billions of
dollars [1]. Consequently, efficient waste treatment for phosphorus recovery and reuse is
needed to achieve sustainable phosphorus use and promote water quality.

One major source of phosphorus is wastewaters from animal production facilities. Two
billion tons of solid wastes from animal production are generated annually in the United
States—nine times the amount from American homes [2]—which is an enormous source of
phosphorus that can be recovered for beneficial use. Most large U.S. livestock facilities treat
manure in open or covered anaerobic lagoons and digesters that destroy organic matter
and remove some nitrogen by volatilization, often concurrent with biogas production for
energy [3-6]. Anaerobic digestion releases organically-bound phosphorus [7,8], leading to
dissolved orthophosphate concentrations in anaerobic lagoon effluent that can be in excess
of 200 mg P/L [9,10]. Due to the abundance of ammonium (NHy*) in anaerobic effluent,
phosphorus can be recovered as the mineral struvite (NH;MgPO4-6H,O(s)), which can
supply both N and P to plants. Because typical anaerobic lagoon effluent is deficient in

Water 2022, 14, 2229. https:/ /doi.org/10.3390/w14142229

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w14142229
https://doi.org/10.3390/w14142229
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-7564-8221
https://orcid.org/0000-0002-2534-0322
https://doi.org/10.3390/w14142229
https://www.mdpi.com/journal/water
http://www.mdpi.com/2073-4441/14/14/2229?type=check_update&version=2

Water 2022, 14, 2229

20f16

magnesium [11], it must be added for struvite precipitation. Magnesium can be added
in forms such as MgO(s), Mg(OH),(s), MgCl,-6H,O(s), seawater, and bittern (solids from
evaporated seawater) [12].

Our research focuses on the utilization of agricultural wastes to prepare water treat-
ment materials for phosphorus recovery. Sources of magnesium for phosphorus recovery
as struvite include MgO(s) precipitated on high surface area chars prepared from corn cobs
and wheat straw, and magnesium silicates prepared using magnesium salts and dissolved
silica extracted from rice straw [13]. Other researchers have also utilized Mg-enriched plant
chars for phosphorus removal (e.g., [14,15]). Use of agricultural wastes for phosphorus
recovery from animal wastewaters is a potentially sustainable approach for phosphorus
recycling and reuse.

In concentrated wastewaters and digester effluents, ionic strength and composition
could significantly influence the extent of phosphorus removal by precipitation of struvite
or other phosphorus minerals. On the one hand, high ionic strength, which tends to
stabilize charged species, would tend to increase the solubility of precipitated phosphorus
minerals such as struvite, resulting in higher equilibrium concentrations (and poorer
removal) of dissolved phosphorus. On the other hand, high ionic strength would also tend
to promote the dissolution of Mg2+ from Mg(OH);(s) or MgO(s), making it more available
for reaction with dissolved phosphorus and ammonium. The specific ionic composition
of the wastewater could also affect the availability of free Mg?* for struvite formation in
several ways. First, carbonate (CO3%7) and bicarbonate (HCO32™) could exert a magnesium
demand to form magnesite (MgCOj3(s)) in high alkalinity wastewaters [16,17]. Alkalinity
can be as high as 1890-4938 mg/L as CaCOjs in the effluent from anaerobic treatment of
animal wastewaters [9,18]. Mg2+ could also form soluble complexes with CO3%2~,HCO; ™,
Cl~, OH—, and SO42~ [19], lowering the concentration of free Mngr available for struvite
formation. For these reasons, concentrations of Mg?* higher than the 1:1 molar ratio of
Mg2+ to PO,3~ in the mineral struvite are needed for optimum struvite formation [11,20].
Anaerobic digester effluent typically contains an excess of ammonium to phosphate, with
reported molar ratios of ammonium to phosphate ranging from four to five [9,21] to more
than 20 [22]. In untreated swine wastewaters, ammonium to phosphate molar ratios of
more than 60 has been reported [23].

This study aimed to investigate the effect of wastewater ionic strength and composi-
tion on the removal of phosphorus by magnesium amended corn cob char and magnesium
silicate made from rice straw, and to identify the conditions leading to the greatest phos-
phorus removal in simple model animal wastewaters. Model animal wastewaters were
adjusted to pH 8 or 9 and contained molar ratios of ammonium to phosphate ranging from
approximately ten to one hundred. Total magnesium was at least one order of magnitude
larger than total phosphorus. Both experimental measurements and chemical equilibrium
modeling were performed. Wastewater ionic composition had a strong effect on mineral
and aqueous speciation and on the extent of phosphorus removal and recovery.

2. Materials and Methods
2.1. Chemicals and Reagents

Chemicals and their sources were: NaHCOj3 and NaH; PO, (ACS, Fisher Chemical,
Fair Lawn, NJ, USA), HCl and HNOj (Certified ACS Plus, Fisher Chemical, Fair Lawn, NJ,
USA), NaOH (ACS, EMD Chemicals Inc., Gibbstown, NJ, USA), Mg(OH), (95-100.5%, Alfa
Aesar, Tewksbury, MA, USA), and NH4Cl (99.5%, Mallinckrodt Chemicals, Phillipsburg,
NJ, USA).

2.2. Preparation of Magnesium Amended Corn Cob Char and Magnesium Amended Rice
Straw Ash

Magnesium amended corn cob char (Mg char) was prepared as follows. First, dry
corn cobs (Kaytee, Chilton, WI, USA) were ground using an Azadx Model 500# grinder
(Amazon.com) to 20-14 mesh (0.84-1.41 mm), washed in deionized (DI) water six times,
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soaked in 1 M HNOj; for 30 min, rinsed with DI water until the rinsate reached pH 6,
oven-dried overnight at 60 °C, then sieved to retain the 120-80 mesh fraction. Then, thirty
grams of corn cobs treated as described above were mixed with 90 mL water containing
19.3 g Mg(OH), at pH 9.7 for ten hours in capped bottles, oven dried at 100 °C, and then
pyrolyzed at 600 °C for six hours in an electric kiln in capped crucibles (to limit oxidation)
with the following temperature program: increase temperature by 300 °C per hour to
600 °C, isothermal at 600 °C for six hours, then cool to room temperature naturally. The
yield of Mg char from this procedure was 15.53 g. Since 19.3 g Mg(OH), (8.04 g Mg)
were added, and the final Mg char weight was 15.53 g, the Mg content in the Mg char
was 0.518 g Mg/g or 0.0213 mol Mg/g. Mg char was ground and sieved to retain the
400-120 mesh (38-125 um) fraction for use in phosphorus uptake experiments.

Magnesium amended rice straw ash (Mg silicate) was prepared as follows. First, rice
straw ash was prepared by pyrolysis of ground rice straw (a mixture of Oryza sativa and
Tropical japonica) that was donated by the Dale Bumpers National Rice Research Center,
Stuttgart, Arkansas. Details of the procedure were reported previously [13]. Then, one
gram of rice straw ash (containing 53% (w/w) silicon [13]) was mixed with 1.03 g Mg(OH),,
0.4 g NaOH, and 2.3 L water and stirred in a capped bottle for three days. The pH was
12, which served to dissolve silicon from rice straw ash [24]. The slurry was then settled
overnight, filtered in a conical funnel using Grade 1 filter paper (GE Healthcare Whatman,
Fisher Scientific, Pittsburgh, PA, USA), rinsed with a small volume (50 mL) of DI water, and
the solids oven dried at 60 °C. The solid yield was 0.895 g. Previous XRD analysis showed
that this material was mostly amorphous with broad peaks that were consistent with
magnesium silicate minerals such as antigorite and enstatite, as well as SiO, (quartz) [13].
This material is referred to hereafter as Mg silicate, although its composition is likely
heterogeneous. The Mg silicate was then ground and sieved to retain the 400-120 mesh
(38-125 um) fraction for use in phosphorus uptake experiments. Since 1.03 g Mg(OH),
(containing 0.429 g Mg) were added to form a final Mg silicate weight of 0.895 g, the
Mg content in the Mg silicate was 0.479 g Mg/g or 0.0198 mol Mg/g. Similarly, the Mg
silicate also contained 0.0211 mol Si/g. Mg silicate was ground and sieved to retain the
400-120 mesh (38-125 pum) fraction for use in phosphorus uptake experiments.

2.3. Chemical Equilibrium Modeling

Chemical equilibrium modeling was done using MINEQL+ v. 4.6 (Environmental Re-
search Software, Hallowell, ME, USA). Relevant chemical equilibria not already included in
the MINEQL+ thermodynamic database (Table A1) were added to MINEQL+ calculations.
MINEQL+ component totals and other model settings are given in Tables A2-A4.

2.4. Phosphorus Uptake Experiments

Equilibrium phosphorus removal was measured in a model wastewater containing
0.00221 M NaH,POy4 (68.5 mg/L as P), 0.0355 M NaHCOj; (alkalinity: 0.0355 eq/L, or
1775 mg/L as CaCOs3) [13], and a concentration of NH4Cl equal to one of the following
values: 0.0236 M, 0.059 M, 0.118 M, 0.177 M, or 0.236 M. The concentrations of total
orthophosphate, ammonia, and alkalinity in the model wastewater are similar to reported
values from actual animal wastewaters [9,18,23]. The concentrations of added NH4Cl were
chosen to yield values of 10.7 to 107 for the molar ratios of total ammonia (i.e., NH4* and
NHj and any other complexes or solid phases containing the MINEQL+ component NH,*
(hereafter called [NH4]1) to total orthophosphate (hereafter called [PO4]t).) Solution pH
was adjusted to 8 or 9 using NaOH or HCl. The pH of animal wastewaters is typically
slightly alkaline, with typical values ranging from 7.5 to 8.3 [9,18,23]. In this study, model
wastewaters were adjusted to either pH 8 or 9 to investigate the effect of pH on phosphorus
removal as struvite.

A mass of 0.075 g Mg char or Mg silicate was added to 25 mL of model wastewater
(3 g/L). The total concentration of Mg in all forms, including free, complexed, and solid
(hereafter called [Mg]T), was 0.064 mol/L in experiments involving Mg char, based on the
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Mg content of the char (see above). In the same way, for experiments with Mg silicate, the
total concentration (in all forms) of Mg and Si were 0.0593 M and 0.0633 M, respectively.
Small amounts of HCI or NaOH were used to adjust the pH and are accounted for in
MINEQL+ component totals.

Duplicate samples were equilibrated for 24 h on a Cole-Parmer Ping-Pong TM #51504-00
shaker at 60 excursions per minute, followed by centrifugation at a relative centrifugal force
of 3661 x g for 30 min, then filtration using 0.22 pm pore size hydrophilic polyvinylidene
fluoride (PVDF) syringe filters (Simsii Inc., Irvine, CA, USA) [13]. Dissolved phosphate
in the filtrate was quantified by Method 4500-P. E (Ascorbic acid method) [25] using a
Shimadzu UV-1601 spectrophotometer with a wavelength of 880 nm. Procedures to correct
for dissolved silica, which produces a colorimetric response similar to phosphate, are
described elsewhere [13].

2.5. Measurement of Dissolved [Mglt and [NH4]t

Total dissolved ammonia [NH4]r was measured using an ammonia gas sensing elec-
trode (Orion, Thermo Fisher Scientific, Waltham, MA, USA), and dissolved magnesium was
measured using a hardness electrode (Cole Parmer, Vernon Hills, IL, USA). Measurements
were made on filtered samples after equilibration with phosphate, as described above.
Standards of [NHy]t and [Mg]r were prepared in the same ionic medium as samples to
account for the effects of ionic strength on electrode response.

3. Results and Discussion
3.1. Agreement between Measured Values and MINEQL+ Modeling

Experimentally measured values of dissolved [Mg]r, [PO4]T, and [NH4]t showed
good agreement with values calculated by MINEQL+ for experiments with Mg-char at pH 8
(Figure 1). For Mg char at pH 9, however, while measured and calculated concentrations of
dissolved [NHy]t and [Mg]r were in good agreement (Table A5 (IDs 23-26)), measured
dissolved [PO4]t concentrations were significantly lower than values calculated using
MINEQL+ (Table A5 (IDs 21-22)). Additionally, for Mg silicate at pH 9, while experimental
and calculated values of dissolved [NH4]r were in good agreement (Table A6 (IDs 28-29)),
experimental and calculated values of both dissolved [PO4]t and [Mg]r differed consider-
ably (Table A6 (IDs 24-27)). These discrepancies could be due to nonequilibrium conditions,
effects not considered in the chemical equilibrium model, such as adsorption, or, for dis-
solved [PO4]T, measured values close to or below analytical detection limits (approximately
8 x 10~7 M) at pH 9. Therefore, our discussion below focuses mainly on experiments done
with Mg char at pH 8, for which experimental measurements and equilibrium modeling
are in good agreement.

3.2. Precipitated Solids

For experiments with Mg char, the molar ratio of [Mg]t:[NH4]r1:[PO4]T ranged from
29:10.7:1 (for total added NH4Cl (hereafter called [NH4Cl]r) equal to 0.0236 M) to 29:107:1
(for [NH4Cl]t = 0.236 M). (For experiments with Mg silicate, the ratios were similar and
ranged from 27:10.7:1 to 27:107:1.) Thus, neither [Mg]t nor [NHy4]t limited the formation of
struvite under any conditions. Although [Mg]r was well in excess of [POy4]t (Tables A2-A4),
52-53% (Figure 2a) of [Mg]r was in the form of magnesite (MgCOs(s)) for Mg char at pH 8.
The concentrations of magnesite for Mg char and Mg silicate at pH 9 were similar to those
for Mg char at pH 8 (Table 1 (ID 27), Table A5 (ID 27), and Table A6 (ID 30)), indicating
that the amount of Mg sequestered in magnesite is a function of total carbonate, which was
constant in all three systems. The concentration of Mg sequestered in magnesite for Mg char
at pH 8 (3.40 x 10~2 M) was approximately equal to the concentration of added HCO;~
(3.55 x 1072 M), meaning that carbonate alkalinity exerted an Mg demand (in moles /L)
approximately equal to the alkalinity (in eq/L). (At pH values well above K, for carbonic
acid, i.e., pH >> 10.3, the Mg demand would be equal to one-half the alkalinity (in eq/L)
since one mole of CO3%~ has two equivalents of alkalinity.) Despite the Mg demand of the
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carbonate alkalinity, the concentration of dissolved [Mg]r (as well as dissolved [NH4]T)
was still well in excess of [PO4]t (Table 1 (IDs 21-26)) and did not stoichiometrically limit
the formation of any magnesium phosphate mineral.
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Figure 1. Measured and modeled concentrations of total dissolved (a) [Mglr, (b) [NHy4]T, and
(c) [PO4]r. Filled symbols are measured values and open symbols are values calculated using
MINEQL+. Error bars (for measured values only) are the standard deviations of means of duplicate
measurements. In some cases, these error bars are too small to be visible.
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Figure 2. Percent [Mg]r and [PO4]r for magnesite, bobierrite, and struvite. Symbols are the concen-
tration of each solid (calculated by MINEQL+) divided by (a) [Mg]t and (b) [PO4]T, then multiplied
by 100%.
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Table 1. Concentrations of dissolved and solid species for Mg char at pH 8 calculated using MINEQL+.

Values for IDs 22, 24, and 26 were measured.

Species ID Species Concentration (M)
Total added NH,4Cl 0.0236 0.059 0.118 0.177 0.236

1 Mg?* 242 x 1072 2.43 x 1072 2.30 x 1072 2.19 x 1072 2,12 x 1072
2 MgOH* 4.37 x 107° 4.10 x 107° 3.60 x 107° 3.28 x 107° 3.09 x 107°
3 MgHCO3* 9.87 x 107> 1.01 x 10~ 1.04 x 1074 1.05 x 10~* 1.06 x 1074
4 MgCO;° 2.88 x 107° 2.88 x 107° 2.88 x 107° 2.88 x 107 2.88 x 107
5 MgH,PO,* 6.46 x 1077 3.99 x 1077 2.05 x 1077 1.40 x 1077 1.07 x 107
6 MgHPO, 4.11 x 1075 248 x 107° 1.25 x 10~ 8.38 x 1076 6.32 x 107
7 MgPO,~ 1.62 x 1077 9.96 x 108 5.14 x 1078 3.51 x 1078 267 x 1078
8 MgCl* 221 x 1073 3.29 x 1073 4.74 x 1073 5.93 x 1073 6.73 x 1073
9 MgNH,OH? 4.15 x 107 9.81 x 107° 1.85 x 1074 2.62 x 1074 3.36 x 1074
10 Mg(NHy),(OH), > 447 x 10722 2.71 x 1072 1.19 x 1020 2.80 x 1020 5.09 x 10720
11 H3PO, 1.73 x 1012 1.14 x 10712 6.67 x 10713 5.00 x 10713 4.04 x 10713
12 H,PO,~ 1.60 x 10~® 1.08 x 107® 6.49 x 1077 494 x 1077 4.02 x 1077
13 HPO,%>~ 226 x 1072 1.62 x 107> 1.05 x 107 8.40 x 107° 7.02 x 107°
14 PO,3~ 3.60 x 10~? 2.89 x 10~? 2.12 x 107? 1.83 x 10~° 1.60 x 10~°
15 NaHPO,~ 3.73 x 107° 2.51 x 107° 1.53 x 107° 1.19 x 107 9.96 x 1077
16 NaPO,2~ 7.99 x 10710 5.75 x 10710 3.78 x 10710 3.09 x 10710 2.65 x 10710
17 Na, PO~ 1.62 x 10710 1.09 x 10~10 6.75 x 1011 539 x 10~ 11 4.62 x 10~ 1
18 NH,HPO,~ 3.51 x 107 5.56 x 1070 6.66 x 107° 7.55 x 1076 8.15 x 107
19 NH,* 2.26 x 1072 5.44 x 1072 1.11 x 1071 1.68 x 107! 224 x 1071
20 NH; (aq) 9.86 x 10~* 2.33 x 1073 4.63 x 1073 6.88 x 1073 9.13 x 1073
21 Diii&’;‘ﬁgéﬁ?ﬁh 7.34 x 1075 5.07 x 1072 321 x 1072 2.62 x 1077 2.30 x 1075
22 Disgit‘;‘;igg‘*h 359 x 10~° 2.02 x 1075 1.68 x 1075 1.06 x 1075 3.46 x 107°
23 Di(slf/ﬁlll’];‘g[ﬁ\f[gh 2.66 x 1072 2.78 x 1072 2.81 x 1072 2.83 x 1072 2.84 x 1072
24 Di?fr‘l’i‘;‘;jr[el\é[)gh 2.32 x 1072 2.64 x 1072 334 x 1072 401 x 102 3.72 x 1072
25 Disif\’/}‘l’lg‘%g\{%ﬁh 236 x 1072 5.68 x 1072 1.16 x 10~ 1.75 x 10~ 234 x 1071
26 Diss(ill‘;‘slu[gg‘ﬁh 2.31 x 1072 6.19 x 102 1.24 x 10! 1.92 x 101 2.81 x 1071
27 Magnesite (solid) 3.42 x 1072 3.40 x 1072 3.38 x 102 3.35 x 1072 3.34 x 1072
28 Bobierrite (solid) 1.07 x 1073 0.00 0.00 0.00 0.00

29 Struvite (solid) 0.00 2.16 x 1073 2.18 x 1073 2.18 x 1073 2.19 x 1073

According to chemical equilibrium calculations with MINEQL+, the mineral bobierrite
(Mg3(POy4),-8H,0(s)) formed only at the lowest concentration of [NH4Cl]r and removed
approximately 97% of [POy]r for Mg char at pH 8 (Figure 2b). Formation of bobierrite, and
not struvite, was observed at comparatively low concentrations of NHs* [26]. According
to chemical equilibrium modeling, bobierrite was also the only magnesium phosphate
mineral to precipitate at the lowest concentration of [Mg]t (0.0236 M) at pH 9 for both
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Mg char and Mg silicate (Table A5 (ID 28) and Table A6 (ID 31)), for which it removed
99.5% of total added phosphate. Above a [NH4Cl]r concentration of 0.059 M (a 27:1 molar
ratio of [NH4]r to [PO4]7), struvite was the only Mg phosphate mineral to form under any
conditions (Table 1 (ID 29), Table A5 (ID 29), and Table A6 (ID 32)). For Mg char at pH §,
98-99% of [PO4]T was in the form of struvite under these conditions (Figure 2b).

3.3. Effect of Solution Composition on Phosphorus Removal

Measured equilibrium phosphorus concentrations were strongly affected by pH, with
greater removal (and lower remaining dissolved phosphorous) at pH 9 versus pH 8
(Figure 3). For Mg char at pH 8, measured dissolved phosphorus also decreased with
increasing [NH4Cl]r (Figure 3). This trend was less apparent for experiments with higher
[NH4Cl]r values since many dissolved phosphorus measurements were below detection
limits (approximately 8 x 10~7 M) under these conditions (Table A5 (ID 22) and Table A6
(ID 25)), most likely due to the greater abundance of deprotonated PO4>~ and therefore
greater driving force for struvite formation. This trend of decreasing soluble [PO4]T with
increasing [NH4Cl]r, at least for Mg char at pH 8, cannot be explained by limits on avail-
able [NHy]T, since [Mg]t and [NHy4]t were both in excess of [PO4]r under all conditions.
Thus, we next considered the possible influence of ionic strength and composition on
phosphorus removal.

6.0x10°
— . ® Mg char pH 8
Z >0x10 I ® Mg char pH 9
3 4.0x10° Mg silicate pH 9
S ¢
= 3.0x10°
e]
> ;
= 2.0x10° o
2 )
wv
A 1.0x10° §

0 & L 4

0 005 01 015 02 025
[NH,Cl]; (M)

Figure 3. Dissolved [PO4]r (measured) versus [NH4Cl]r. Error bars are standard deviations of the
means of duplicate measurements.

We first considered the effect of [NH4Cl]t on ionic strength. As [NH4Cl]t increased
from 0.0236 M to 0.236 M, the ionic strength increased by a factor of approximately two
to three. Calculated values of ionic strength for Mg char at pH 8, based on initial solution
recipes (see the Materials and Methods section), were 0.18 M and 0.47 M for the lowest
and highest [NH4Cl]t values, respectively. (For Mg char and Mg silicate at pH 9, the ionic
strengths were 0.12 and 0.08 M, respectively, for the lowest [NH4Cl]r value, and 0.36 and
0.37 M, respectively, for the highest [NH4Cl]t value.)

The effect of ionic strength on chemical equilibria, and specifically on the solubilities
of phosphorus-containing minerals, can be evaluated by calculating conditional (or ionic-
strength-dependent) equilibrium constants (°K values) [27]. For bobierrite, struvite, and
magnesite, °K values for mineral formation are:

3 2
Bobierrite : °K = K(YMg+2 ) (YPOLLS*)
Struvite : ‘K = K yNp,+ Ymg+2 YPO,3-
Magnesite : °K = K Ymg+2 YCO,2-



Water 2022, 14, 2229

8 of 16

K for mineral formation

5.0x10%

3.0x10%

where K is the equilibrium constant at infinite dilution (i.e., zero ionic strength), and y
values are activity coefficients that depend on ion charge and size. Since activity coefficients
for charged species are always less than one, the °K values shown above are always less
than the corresponding K values, meaning that the driving force for mineral formation
decreases as the ionic strength increases. The effect of ionic strength on °K values, calculated
by MINEQL+, for the formation of struvite and magnesite as a function of [NH4Cl]t for Mg
char at pH 8, is illustrated in Figure 4. (°K values for bobierrite showed a similar trend, but
were much larger (ranging from 10217 to 102*8 for the lowest and highest concentrations of
[NH4Cl]t, respectively) and were omitted from Figure 4 to better illustrate the other data.)
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Figure 4. Conditional equilibrium constants (°K values) calculated by MINEQL+ versus [NH,Cl]r.

A comparison of Figures 3 and 4 indicates that [NH4Cl]t did not affect phosphorus
removal solely through its impacts on ionic strength, since the driving force (°K value)
for struvite formation decreased with increasing [NH4Cl]r and increasing ionic strength
(Figure 4), while the equilibrium concentration of dissolved phosphorus decreased with
increasing [NH4Cl]t and increasing ionic strength (Figure 3). On the other hand, the °K
value for magnesite formation also decreased (Figure 4, inset), and therefore the solubility
of magnesite increased with increasing [NH4Cl]T, which could facilitate struvite formation
in part by decreasing the amount of Mg sequestered in magnesite. Both measured and
MINEQL+ concentrations of total dissolved [Mg]r increased with increasing [NH4Cl]rt
(Figure 1, Table 1 (IDs 23 and 24)). However, the increase in dissolved [Mg]r from the lowest
to the highest concentration of [NH4Cl]t was 1.42 x 1072 M (measured) and 1.80 x 1073 M
(modeled) (Figure 1, Table 1 (IDs 23 and 24)), which was orders of magnitude greater
than the difference in measured dissolved [PO4]t for Mg char at pH 8 between the lowest
and highest values of [NHyCl]t (3.24 x 10~> M) (Table 1, ID 22). Thus, the increase
in dissolved [Mg]t with increasing [NH4Cl]r cannot by itself explain the decrease in
equilibrium dissolved [PO4]t concentration for Mg char at pH 8.

Next, we examined equilibrium speciation of dissolved [PO4]r, [NH4]T, and [Mg]t
using MINEQL+ for insights into why aqueous phosphorus concentrations decreased
with increasing [NH4Cl]t. Because [PO4]r was present in the lowest molar concentrations
relative to [NH4]r and [Mg]r, it is likely that phosphorus removal by precipitation was
driven by dissolved phosphorus speciation, so we examined this further. MINEQL+ output
indicates that as [NH4Cl]t increased from 0.0236 M to 0.236 M for Mg char at pH 8, the
concentration of the aqueous species MgCl" increased significantly due to the ten-fold
increase in the concentration of added Cl~ (the counterion to NHy*), as shown in Table 1
(ID 8) and illustrated in Figure 5 (which shows only magnesium phosphate and magnesium
chloride complexes for clarity). Trends in the concentration of MgCl* were similar for Mg
char and Mg silicate at pH 9 (Tables A5 and A6 (ID 8)).
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Figure 5. Panel (a): Concentrations of magnesium orthophosphate complexes (left y-axis), along
with total dissolved [PO4]r (left y-axis) and MgCl* (right y-axis), all calculated with MINEQL+.
Panel (b): Inset for panel (a) showing a smaller y-axis scale.

The increase in the proportion of [Mg]r in the form of MgCl* with increasing [NH4Cl]t
corresponded to a decrease in the proportion of dissolved [Mg]t in orthophosphate
complexes (Figure 5), essentially freeing orthophosphate to form struvite. Specifically,
the decrease in the concentrations of MgH,PO,", MgHPO,, and MgPO,~, (total de-
crease in concentration: 3.65 x 10~ M), especially MgHPO, (decrease in concentration:
3.48 x 10~ M), accounts for 72% of the decrease in dissolved [POy]r (decrease in dissolved
[POy4]T: 5.04 x 10> M) as [NH,4Cl] increased from 0.0236 M to 0.236 M (Table 1 (IDs 5-7
and 21); Figure 5). Accounting for the complexation of Mg with orthophosphate species
(i.e., PO43~, HPO4%, and H,PO,~, and especially HPO,?" in the pH range where it is
the predominant orthophosphate species (approximately pH 7-12)) is needed to correctly
predict the solubility of magnesium phosphate minerals such as struvite [28,29].

While the concentration of the dissolved species NH;HPO, ~ increased by 2.6 x 107 M
over this same range of [NH4Cl]r values for Mg char at pH 8, (Table 1 (ID 18)), this
concentration increase accounted for only five percent of the decrease in the concentration
of total soluble [POy4]r (5.04 x 10~° M). Thus, the benefit of excess Cl~ in “extracting”
Mg?* from magnesium phosphate complexes, making phosphate available to precipitate
as struvite, outweighed the drawbacks of NH4* in complexing with dissolved phosphate
to form NH,HPO4~.

Measured concentrations of dissolved [PO4]r were an order of magnitude lower at
the highest value of [NH4Cl]t, with an additional 3.24 x 10~° M [POy4]r (about 1 mg
P/L) recovered when [NH4Cl]t equaled 0.236 M compared to 0.0236 M. This amounted
to an additional 1 kg of P that could theoretically be recovered for every million liters of
wastewater treated. Using the USDA /IL Dept. of Agriculture price for monoammonium
phosphate (MAP, i.e., NH4H,POy) of $881/ton [30], this additional recovered phosphorus
(and nitrogen) as struvite would have a value of $3.62 per million liters of wastewater
treated (assuming a struvite value equal to MAP on a molar basis).

One notable difference between experiments with Mg char and Mg silicate is the
presence of dissolved silica in the latter system. MINEQL+ modeling indicates that more
than 99.8% of total silica (added as the component orthosilicic acid (Si(OH)4) in MINEQL+
runs (Table A4)) was present as the mineral quartz (Table A6 (ID 33)). Consequently,
dissolved complexes between Mg and orthosilicic acid constituted only a small fraction of
dissolved [Mg]r (Table A6 (IDs 11-13)). Thus, dissolved silica species in natural waters are
unlikely to sequester significant magnesium and thereby affect phosphorus removal via
precipitation as bobierrite or struvite in waste treatment systems. This is consistent with
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the fact that both Mg char and Mg silica behaved similarly in terms of phosphorus removal
at pH 9 (Table A5 (IDs 21-22) and Table A6 (IDs 24-25)).

The formation of significant MgCl" in the presence of high concentrations of Cl~,
with C1~ competing with orthophosphate for free Mg?*, is potentially significant in the
application of seawater and seawater bittern for struvite recovery. Bittern is the residue
remaining during evaporation of seawater (or other saline natural water) for salt recovery.
As evaporation progresses and the seawater becomes more concentrated, salts precipitate
in order of decreasing solubility (iron oxides first, then calcite, gypsum, and halite) [31].
Since Mg salts (MgSO4 and MgCl,) are comparatively soluble, Mg remains in solution and
bittern is enriched in Mg compared to seawater [31], making it an inexpensive source of Mg
for struvite formation (e.g., [12]), either through direct addition of bittern to wastewater
treatment ponds or through its use in amending water treatment materials such as biochar.
Bittern, however, is depleted in C1~ compared to seawater due to halite (NaCl(s)) removal
by precipitation, which could impact Mg speciation and possibly phosphate removal when
using bittern as an Mg source for struvite formation in animal wastewaters. Using reported
data for seawater and bittern samples from Egypt and India [32], the average molar ratios of
Cl to Mg were calculated to be 10 in seawater and 3.1 in bittern. For comparison, the molar
ratio of Cl to dissolved Mg for Mg char at pH 8 in this study ranged from 1.0 to 6.3 (for the
lowest and highest values of [NH4Cl]r, respectively). Dissolved [PO4]T was significantly
lower at the highest versus the lowest value of [NH4Cl]r, for which the Cl:Mg ratio was 6.3
versus 1.0. Specifically, the equilibrium dissolved concentration of [PO4]T decreased by 69%
according to chemical equilibrium calculations, and by an order of magnitude based on
measurements of dissolved phosphorus, as [NH4Cl]t increased from 0.0236 M to 0.236 M
(Table 1 (IDs 21 and 22)). Thus, the higher Cl:Mg ratio in seawater versus bittern could
enhance phosphorus removal and recovery as struvite. At the very least, the influence of
dissolved solids in bittern and seawater on phosphorus removal should be evaluated by
chemical equilibrium modeling on a case-by-case basis.

4. Conclusions

Magnesium-treated corn cob char (Mg char) effectively removed phosphorus from a
model animal wastewater representing anaerobic digester effluent at pH 8, and [NH4Cl]r
had a significant effect on phosphorus recovery and removal. The additional C1~ at higher
[NH4Cl]T concentrations served to extract Mg from magnesium phosphate complexes,
especially MgHPOy, freeing orthophosphate to form struvite. Controlling the amount of
added C1~ (and possibly other anions such as SO4%~) has the potential to increase the
efficiency of phosphorus recovery as struvite without raising the wastewater pH.

The high alkalinity in animal wastewaters is likely to exert a significant Mg demand,
with the Mg demand (in moles/L) equal to the carbonate alkalinity (in eq/L) at circumneu-
tral and slightly alkaline pH values. In the experiments performed here, using a typical
anaerobic digester effluent alkalinity of 0.0355 eq/L (1775 mg/L as CaCQ3), bicarbonate
sequestered more than half the added Mg as magnesite, necessitating a significant excess
of Mg for phosphorus removal. When using low-cost magnesium sources such as sea-
water or seawater bittern, the Mg demand due to wastewater alkalinity must be taken
into consideration.

Precipitation of bobierrite has the potential to significantly lower dissolved phosphorus
in wastewaters that have insufficient NH4* for struvite formation (which may occur even
when [NHy]t is well in excess of [PO4]r, due to the large driving force for bobierrite
formation). While effective for phosphorus removal, bobierrite does not remove [NHy]T,
which is present in wastewater far in excess of P, and which is an essential plant nutrient.
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Appendix A.
Appendix A.1. MINEQL+ Input Parameters

Relevant formation reactions between [PO4]r, [Mg]t, and [NHy]r, as well as Na*,
CI~, and orthosilicic acid (Si(OH)4) and its conjugate bases that were not included in the
MINEQL+ thermodynamic database (Table A1) were added prior to chemical equilibrium
modeling. Equilibrium constants entered into the MINEQL+ database were formation
constant for the species of interest (shown on the right-hand side of the equilibria in
Table A1) written in terms of MINEQL+ components (shown on the left-hand side of the
equilibria in Table A1). To obtain these equilibria and formation constants, equilibria from
journal references were rearranged and combined with others in the MINEQL+ database,
with corresponding adjustments to the equilibrium constants.

Table A1l. Chemical equilibria that were added to the MINEQL+ database.

Chemical Equilibrium MINEQL+ Log K Value  Reference
1 NH4* + H* + PO,3~ = NH,HPO,~ 13.675 [33]
2 Na* + HO — H* = NaOH’ —14.177 [34]
3 Mg?* + Cl~ = MgCl* 0.6 [35]
4 Na* + PO~ = NaPO42~ 1.43 [35]
5 2 Na* + PO43~ = NayPO,~ 2.59 [35]
6 Mg?* + NH " — Ht = MgNH;2* —9.004 [35]
7 Mg?* + 2 NHy* — 2 H* = Mg(NH;3),2* —18.288 [35]
8 Mg*? + Si(OH), — H* = MgH;3SiO,* —8.76 [36] *
9 Mg2* + 2 Si(OH)4 — 2 H* = Mg(H3Si04), —15.64 [36] *
10 Mg?* + Si(OH), — 2 H* = MgH,SiO, —18.43 [36] *
LRV N i Wi 7
12 3Mg?* +2 P03~ + 8 H,0 = 259 6]

Mgs(POy),-8HpO(s) (bobierrite)

Note: * Equilibrium constants reported in this reference were for I = 0.1 M and were adjusted to infinite dilution
using activity coefficients calculated using the Davies equation.

MINEQL+ component totals are shown in Table A2 (Mg char at pH 8), Table A3
(Mg char at pH 9), and Table A4 (Mg silicate at pH 9). Solution pH was fixed at 8 or 9.
Experimental systems were modeled as closed to the atmosphere. All solid phases were
MINEQL+ Type V “dissolved solids,” meaning they formed if the ion activity product
exceeded the solubility constant. Total C1™ accounts for C1~ from NH4Cl and HCl added for
pH adjustment. Total Na* accounts for Na* from NaH,PO,, NaHCO3, and NaOH added
for pH adjustment. Recipes for solutions are given in the Materials and Methods section.
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Table A2. MINEQL+ component totals for Mg char at pH 8.
NH,Cl Component Totals (M)
Added (M) Mg?+ Cl- Na* CO;2- NH,* PO43-
0.0236 0.064 0.0686 0.0407 0.0355 0.0236 0.00221
0.059 0.064 0.111 0.0417 0.0355 0.059 0.00221
0.118 0.064 0.186 0.0433 0.0355 0.118 0.00221
0.177 0.064 0.259 0.0450 0.0355 0.177 0.00221
0.236 0.064 0.314 0.0466 0.0355 0.236 0.00221
Table A3. MINEQL+ component totals for Mg char at pH 9.
NH,CI Component Totals (M)
Added (M) Mgt Cl- Na* CO32- NH,4* PO43~
0.0236 0.064 0.0236 0.0633 0.0355 0.0236 0.00221
0.059 0.064 0.059 0.0964 0.0355 0.059 0.00221
0.118 0.064 0.118 0.152 0.0355 0.118 0.00221
0.177 0.064 0.177 0.207 0.0355 0.177 0.00221
0.236 0.064 0.236 0.262 0.0355 0.236 0.00221
Table A4. MINEQL+ component totals for Mg silicate at pH 9.
NH,Cl Component Totals (M)
Added (M) Mg?2+ cl- Nat CO52- NH,* Si(OH)4 PO,3
0.0236 0.0593 0.0236 0.0464 0.0355 0.0236 0.0633 0.00221
0.059 0.0593 0.059 0.0534 0.0355 0.059 0.0633 0.00221
0.118 0.0593 0.118 0.0650 0.0355 0.118 0.0633 0.00221
0.177 0.0593 0.177 0.0767 0.0355 0.177 0.0633 0.00221
0.236 0.0593 0.236 0.0879 0.0355 0.236 0.0633 0.00221
Appendix A.2. MINEQL+ Output for Mg Char and Mg Silicate at pH 9
The equilibrium concentrations of all species containing the MINEQL+ components
Mg2+, NH,*, and PO43~, as well as the measured values of [Mg]t, [NH4]T, and [POy4]r, are
shown in Table A5 (Mg char at pH 9) and Table A6 (Mg silicate at pH 9).
Table A5. Concentrations of dissolved and solid species for Mg char at pH 9 calculated using
MINEQL+. Values in rows 22, 24, and 26 were measured.
Species ID Species Concentration (M)
Total Added NH4Cl1 0.0236 0.059 0.118 0.177 0.236

1 Mg?* 2.42 x 1072 2.40 x 1072 2.23 x 1072 2.09 x 1072 1.96 x 102

2 MgOH* 451 x 107° 4.09 x 107° 347 x 107° 3.09 x 107° 2.83 x 107°

3 MgHCO;* 9.77 x 10~ 1.01 x 10~ 1.04 x 1073 1.05 x 10~ 1.06 x 107>

4 MgCO3° 2.88 x 107° 2.88 x 1075 2.88 x 107° 2.88 x 1075 2.88 x 107°

5 MgH,PO4* 6.26 x 1077 5.49 x 1077 2.83 x 107° 1.93 x 1077 1.46 x 1077

6 MgHPO, 4.03 x 107° 3.43 x 1076 1.71 x 107° 1.15 x 107° 8.64 x 1077

7 MgPO,~ 1.57 x 10~7 1.37 x 1077 7.07 x 1078 4.82 x 1078 3.66 x 1078

8 MgCl* 791 x 1074 1.75 x 1073 2.90 x 1073 3.82 x 1073 462 x 1073

9 MgNH,OH?* 3.00 x 10~* 7.01 x 1074 1.30 x 1073 1.82 x 1073 2.28 x 1073

10 Mg(NHy),(OH),2* 224 x 1072 1.40 x 10~2! 6.32 x 1072 1.51 x 10~20 2.77 x 10~20
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Table A5. Cont.

Species ID Species Concentration (M)
Total Added NH,Cl 0.0236 0.059 0.118 0.177 0.236
11 H;PO, 1.62 x 10715 1.57 x 10~1° 9.53 x 10716 7.30 x 10716 6.06 x 10716
12 H,PO4~ 1.49 x 1078 1.48 x 1078 9.29 x 10~? 7.23 x 1077 6.06 x 10~?
13 HPO,2~ 2.03 x 106 221 x 107 1.51 x 106 1.24 x 1076 1.07 x 106
14 PO,3~ 3.07 x 10~° 3.87 x 1077 3.08 x 10~° 2.75 x 107? 249 x 10~°
15 NaHPO,~ 5.45 x 1077 8.02 x 1077 7.67 x 1077 8.00 x 1077 8.40 x 1077
16 NaPO,2~ 1.13 x 1077 1.82 x 1079 1.91 x 107 2.09 x 107° 2.26 x 1077
17 Na,PO,~ 3.73 x 10710 8.12 x 1010 1.19 x 10~? 1.66 x 10~° 2.18 x 10~?
18 NHHPO, ™ 236 x 1077 5.55 x 1077 6.93 x 1077 8.06 x 1077 8.97 x 1077
19 NH,* 1.62 x 1072 3.93 x 1072 8.08 x 1072 1.23 x 1071 1.65 x 101
20 NH; (aq) 7.14 x 1073 1.68 x 1072 3.36 x 1072 5.02 x 1072 6.68 x 1072
21 Di“z’i/‘[’ivNegQ[E?)‘*]T 7.02 x 1076 7.16 x 107° 4.78 x 1076 4.06 x 1076 3.72 x 1076
2 Dis(fi‘;esir[fg‘*h BDL * 1.09 x 1076 BDL BDL BDL
23 Di(s;/ﬁlg%%[i\g;h 2.54 x 1072 2.65 x 1072 2.65 x 1072 2.66 x 1072 2.66 x 1072
24 Di?;‘i‘;‘;ir%ghf 1.40 x 102 1.82 x 102 2.27 x 1072 2.72 x 1072 2.72 x 1072
25 Dis?ﬂ‘l’;‘ég\gj;*m 236 x 1072 5.68 x 1072 1.16 x 1071 1.75 x 1071 2.34 x 1071
26 Disﬁ::iﬁg‘ﬁh 2.13 x 102 5.75 x 102 121 x 101 1.83 x 101 2.44 x 10~
27 Magnesite (solid) 3.53 x 1072 3.53 x 1072 3.53 x 1072 3.52 x 1072 3.52 x 1072
28 Bobierrite (solid) 1.10 x 103 0.00 0.00 0.00 0.00
29 Struvite (solid) 0.00 220 x 1073 221 x 1073 221 x 1073 221 x 1073
Note: * BDL means below detection limits.
Table A6. Concentrations of dissolved and solid species for Mg silicate at pH 9 calculated using
MINEQL+. Values for IDs 25, 27, and 29 were measured.
Species ID Species Concentration (M)
Total Added NH,4Cl 0.0236 0.059 0.118 0.177 0.236
1 MgZ 1.97 x 102 1.96 x 102 1.81 x 102 1.69 x 102 1.59 x 1072
2 MgOH* 3.84 x 107° 3.53 x 1072 2.99 x 107° 264 x 107° 2.38 x 107°
3 MgHCO;5* 9.62 x 107° 9.88 x 107° 1.02 x 1075 1.04 x 1075 1.05 x 1075
4 MgCO;° 2.88 x 107° 2.88 x 107° 2.88 x 107° 2.88 x 107 2.88 x 107°
5 MgH,PO,* 6.64 x 1077 531 x 1077 2.74 x 1077 1.87 x 1077 1.43 x 107°
6 MgHPO, 433 x 107° 3.38 x 107 1.69 x 1076 1.13 x 1076 8.55 x 1077
7 MgPO,~ 1.66 x 1077 1.33 x 1077 6.84 x 1078 4.68 x 1078 3.58 x 1078
8 MgCl* 6.87 x 1074 1.54 x 1073 2.55 x 1073 3.32 x 1073 3.95 x 1073
9 MgNH,OH?* 247 x 1074 5.82 x 1074 1.07 x 1073 1.50 x 10—3 1.87 x 1073
10 Mg(NHy),(OH),2* 1.63 x 106 9.06 x 107° 3.35 x 107° 6.94 x 107° 1.15 x 1074
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Table Aé6. Cont.

Species ID Species Concentration (M)

Total Added NH,Cl 0.0236 0.059 0.118 0.177 0.236
11 MgH;3SiO4* 1.66 x 107° 1.53 x 107° 1.30 x 107° 1.14 x 107° 1.03 x 107°
12 Mg(H3Si04), 1.72 x 1078 1.54 x 1078 1.27 x 1078 1.10 x 10~8 9.80 x 10~?
13 MgH,SiO, 2.80 x 1077 2.50 x 1077 2.06 x 1077 1.78 x 1077 1.59 x 107
14 H;PO, 2.02 x 10715 1.76 x 10~1° 1.07 x 10715 8.31 x 10716 7.03 x 10716
15 H,PO,~ 1.83 x 1078 1.63 x 1078 1.02 x 1078 8.11 x 107 6.94 x 107°
16 HPO42~ 2.38 x 107° 231 x 107° 1.58 x 10~ 1.32 x 10~ 1.18 x 107
17 PO,3~ 3.33 x 107? 3.69 x 1077 2.92 x 107? 2.70 x 1077 257 x 10~
18 NaHPO,~ 497 x 1077 498 x 1077 3.69 x 1077 3.38 x 1077 3.27 x 1077
19 NaPO,2~ 9.87 x 10710 1.07 x 10~° 8.66 x 10710 8.40 x 10710 8.46 x 10710
20 Na,PO,~ 2.53 x 10710 2.84 x 10710 249 x 10710 2.64 x 10710 2.89 x 10710
21 NH,HPO,~ 293 x 1077 6.19 x 1077 7.76 x 107 9.14 x 1077 1.04 x 1076
22 NH,* 1.61 x 1072 391 x 1072 8.05 x 102 1.22 x 1071 1.64 x 1071
23 NH; (aq) 7.23 x 1073 1.71 x 1072 3.41 x 1072 5.09 x 1072 6.74 x 1072
24 Di?ﬁﬁggg‘*h 7.70 x 1076 6.96 x 10~° 450 x 106 3.77 x 1070 3.45 x 107°
25 Dis(srzle\;esir[i’%h 482 x 1075 1.25 x 106 1.67 x 106 BDL * BDL
26 Di(slf/ﬁll‘\’gg%‘)gh 2.07 x 102 2.18 x 102 2.18 x 1072 2.19 x 102 2.19 x 102
27 Di?fﬁiﬁﬁi@ﬁ{‘;h 1.48 x 1073 3.90 x 1073 6.93 x 1073 1.03 x 1072 1.19 x 102
28 Dis?ﬁ?;‘églj{h 2.36 x 1072 5.68 x 1072 1.16 x 10~ 1.75 x 10~ 234 x 107!
29 Diss&::u[igfh 2.36 x 102 6.13 x 102 1.17 x 10~ 1.80 x 10~ 245 x 10!
30 Magnesite (solid) 3.53 x 1072 3.53 x 1072 3.52 x 1072 3.52 x 1072 3.52 x 1072
31 Bobierrite (solid) 1.10 x 1073 0.00 0.00 0.00 0.00
32 Struvite (solid) 0.00 220 x 1073 221 x 1073 221 x 1073 221 x 1073
33 Quartz (solid) 6.32 x 1072 6.32 x 1072 6.32 x 1072 6.32 x 1072 6.32 x 1072

Note: * BDL means below detection limits.
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